In this study the role of membrane-associated molecules involved in entorhinohippocampal pathfinding was examined. First outgrowth preferences of entorhinal neurites were analyzed on membrane carpets obtained from their proper target area, the hippocampus, and compared to preferences on control membranes from brain regions which do not receive afferent connections from the entorhinal cortex. On a substrate consisting of alternating lanes of hippocampal and control membranes, entorhinal neurites exhibited a strong tendency to grow on lanes of hippocampal membrane. These tissue-specific outgrowth preferences were maintained even on membrane preparations from adult brain tissue devoid of myelin. To determine the possible maturation dependence of these membranes, we examined guidance preferences of entorhinal neurites on hippocampal membranes of different developmental stages ranging from embryonic to postnatal and adult. Given a choice between alternating lanes of embryonic (E15-E16) and neonatal (P0 -P1) hippocampal membranes, entorhinal neurites preferred to extend on neonatal membranes. No outgrowth preferences were observed on membranes obtained between E19 and P10. From P10 onward there was a reoccurrence of a preference for postnatal membrane lanes when neurites were presented with a choice between P15, P30, and adult membranes (>P60). This choice behavior of entorhinal neurites temporally correlates with the ingrowth of the perforant path into the hippocampus and with the stabilization of this brain area in vivo. Experiments in which postnatal and adult hippocampal membranes were heat inactivated or treated to remove molecules sensitive to phosphatidylinositol-specific phospholipase C demonstrated that entorhinal fiber preferences were controlled in this assay by attractive guidance cues and were independent of phosphatidylinositol-sensitive linked molecules. Moreover, entorhinal neurites displayed a positive discrimination for membrane-associated guidance cues of their target field, thus preferring to grow on membranes from the molecular layer of the dentate gyrus compared with CA3 or hilus membranes. Heat-inactivation experiments indicated that preferential growth of entorhinal axons is due to a specific attractivity of the molecular layer substrate. The data presented demonstrate that outgrowth of entorhinal fibers on hippocampal membranes is target and maturation dependent.
INTRODUCTION
The afferent connections of the hippocampus in general and its entorhinal input, the perforant path, in particular have been used as a model system for the analysis of target-specific outgrowth and regeneration (Li et al., 1993 (Li et al., , 1994 (Li et al., , 1995 Woodhams, 1993; Woodhams and Atkinson, 1996a,b; Del Rio et al., 1997; Fö rster et al., 1998) . Fibers originating from neurons in layers II and III of the ipsilateral entorhinal cortex (EC) terminate on distal dendritic segments in the middle and outer molecular layer of the fascia dentata and stratum lacunosum-moleculare of the hippocampus proper, on both sides of the hippocampal fissure (for review see Amaral and Witter, 1989, 1995) . This projection has been well described since the pioneering studies of Ramó n y Cajal at the beginning of this century (1911) and is notable for its highly characteristic specific termination.
During the development of the perforant pathway, a number of possible decision points for turning and branching choices occur as these axons course toward their hippocampal targets (Amaral and Witter, 1995; Bayer and Altman, 1987; Snyder et al., 1991; Super and Soriano, 1994) . From E17 onward, entorhinal fibers enter and arborize into the hippocampal plexiform layers. Fascicles of entorhinal axons reach along the longitudinal axis of the angular bundle in the subicular complex, where they penetrate the intermediate zone of the hippocampus proper. From here, ascending fibers transverse the hippocampal plate (prospective pyramidal layer) and invade the marginal zone of the subiculum and regio superior. Most of the entorhinal neurites terminate in the outer marginal zone (prospective lacunosum-moleculare), which is thicker than the underlying inner marginal zone (future stratum radiatum) during these stages. There is a notable increase in the density of entorhinal axons terminating in the hippocampus during perinatal stages (El9 -P2). Entorhinal axons arborize densely in the outer marginal zone of the subiculum and hippocampus proper and ramify profusely in the stratum lacunosummoleculare. In the fascia dentata, fibers are detected at Pl-P5 at which time they ramify as lateral branches innervating the outermost areas of the dendritic trees of dentate granule cells.
Although the anatomy of the entorhinal-hippocampal projection has been studied extensively, most of this work has centered on describing topographical relationships between different components of the system and on the analysis of functional mechanisms determining the development and stabilization of this system. It has been shown that the molecular and tissue organizational signals necessary for the formation of an entorhinal-dentate projection are present in tissues maintained in postnatal organotypic slice coculture (Frotscher and Heimrich, 1993; Li et al., 1993; Woodhams and Atkinson, 1996a,b) . The results from organotypic slice cultures have shown that severed fiber projections between the EC and the hippocampal complex can regenerate in both directions and reestablish their correct lamina, pathway, and target specificity (Li et al., 1994) . Further embryo-to-adult transplantation experiments have clearly documented that formation of specific laminar patterns of reinnervation in the entorhinohippocampal system occurs (Zhou et al., 1989) . This indicates that molecules organized in a lamina-specific way in the hippocampal fields play an important role in the formation of layer-specific afferent projections.
A variety of possible mechanisms have been proposed to explain how axons grow toward, recognize, and then make specific functional contacts with their appropriate targets. Important roles have been postulated for a number of diffusible and membrane-associated attractant or repulsive axon guidance molecules, including the netrins, semaphorins, and Eph tyrosine kinase receptors and ligands (for reviews see Friedman and O'Leary, 1996; Miller et al., 1996; Nieto, 1996; Orike and Pini, 1996) . However, we have little knowledge of whether similar molecular mechanisms, provided by a concentration gradient of diffusible or membrane-associated molecules, might operate in the formation of the entorhinohippocampal pathway in vivo. In situ hybridization, histochemical findings, and Northern blots of guidance molecules such as L1 (Persohn and Schachner, 1990) , TAG-1 (Wolfer et al., 1994) , and N-CAM (Miller et al., 1993; Yoshihara et al., 1995) ; ECM molecules such as tenascin (Gö tz et al., 1996 (Gö tz et al., , 1997 Ferhat et al., 1996) , chondroitin sulfate (Meyer-Puttlitz et al., 1996) , laminin (Zhou, 1990) , and reelin (Del Rio et al., 1997) ; the semaphorins C, D, IV, E, F, and G; neuropilin-1 and -2 (Chedotal et al., 1998; Skaloria et al., 1998; Steup et al., 1999) ; netrin-1; DCC (Serafini et al., 1996) ; the Eph receptors A3 (Zhou, 1998) , A4 , A5 (Taylor et al., 1994) , A6 (Zhou, 1998) , A7 (Ciossek et al., 1995) , and B1 ; and the ephrin ligands Al, A4, Bl, B3 (Carpenter et al., 1995) , A3 , and A5 (Kozlosky et al., 1997) indicated important roles for these molecules during hippocampal development.
An analysis of the influence of reelin on entorhinal pathfinding in reeler mutant mice has shown that the entorhinohippocampal pathway is actually formed in the absence of reelin; however, the developing afferents show severe alterations (Borrel et al., 1999) and in vitro studies revealed strong repulsive effects of secreted semaphorins D and IV on entorhinal and hippocampal axons (Chedotal et al., 1998; Steup et al., 1999) .
The membrane stripe assay (adapted from Walter et al., 1987a,b) provides a unique tool for investigating molecules and mechanisms of axon guidance mediated by substrate bound molecules in vitro. We employed stripe assays in our search for molecules involved in entorhinohippocampal pathfinding. Our interest was focused on the analysis of tissue-specific and developmentally regulated expression of hippocampal cell-surface and extracellular matrix guidance cues (Fig. 1I) . Inactivation of membranes by heat was performed to analyze possible chemoattractive or -repulsive membrane properties in the absence of functional proteins. Phosphatidylinositol-specific phospholipase C (PI-PLC) experiments were carried out to assess the impact of PIsensitive molecules in mediating the preferences observed in vitro. Further on a histochemical analysis of known hippocampal extracellular matrix-and membrane-anchored molecules present in the membrane preparations was performed to detect developmental expression of these factors that might affect entorhinohippocampal ingrowth. Explant preparation. We used fetuses and offspring (E15-P5) of timed pregnant Wistar rats. To collect embryonic tissue, pregnant rats were anesthetized with Nembutal (5 mg/100 mg) and embryos removed from the uterus. Embryos were placed in cold, oxygenated L15 medium (Gibco) supplemented with 0.6% glucose. Brains were dissected out, and the meninges were removed. Horizontal sections were cut at 400 m in cold, oxygenated PBS with a Vibratome. Explants from the superficial layers of the entorhinal and motor cortex were microdissected with tungsten needles under binocular optics at 40ϫ magnification. After dissection, explants were placed in suspension culture in a 5.5% CO 2 , humidified incubator. The culture medium was DMEM/F12 supplemented with 2 mM glutamine, 0.6% glucose, 100 u/ml penicillin, 100 g/ml streptomycin, 5% heat-inactivated rat serum, and 10% heat-inactivated fetal bovine serum. Entorhinal and motor cortex explants were positioned onto the membrane stripes on the same day. In culture medium, explants were exposed to 8 M cytosine arabinoside to control proliferation of nonneuronal cells.
MATERIALS AND METHODS

Buffers
Membrane stripe preparation. Hippocampi were dissected from E15-Pl, P5, P10, P15, P30, and adult (ϾP60) rat brains prepared as described above for explant preparation. Hippocampi from adult pig (6 month) were cut on a Vibratome into 400-m horizontal slices, and hippocampal subregions (molecular layers of the dentate gyrus, hilus, and CA3) were microdissected with tungsten needles. The membranes were prepared according to the original protocol of Walter et al. (1987b) . All solutions were sterile, 4°C, pH 7.4, and supplemented with protease inhibitors as previously described (Simon and O'Leary, 1992) .
Hippocampal tissue was homogenized by pressing the tissue through a narrow pipette and two to three times through syringe needles. Nuclei and cytoplasm were removed by centrifugation. The homogenate was layered on top of a step gradient of 50 and 5% sucrose in homogenization buffer (10 mM Tris-HCl (pH 7.4), 1.5 mM CaCl 2 , 1 mM spermidine (Serva)) and centrifuged for 20 min at 50,000g at 4°C in a SW 40 L rotor (Beckmann). Cytoplasmic and mitochondrial membrane fragments formed a turbid layer at the boundary between 5 and 50% sucrose, while nuclei were pelleted. The membrane fragments were collected with a syringe and washed by centrifugation (Eppendorf centrifuge) with PBS.
Myelin was separated from other membranes by centrifugation (75,000g for 10 min) in a discontinuous sucrose gradient (Colman et al., 1982) . The concentration of the membrane suspension was adjusted so that an aliquot after 15-fold dilution in 2% SDS had an optical density of 0.4 at 220 nm. The adjusted membrane suspension contained about 100 -200 g/ml protein as determined by a modified Bradford method (Simpson and Sonne, 1982) with bovine serum albumin as standard.
Membrane stripes, entorhinal explantation, and cultivation. Membrane stripes were prepared according to Walter et al. (1987b) . Growing axons originating from an EC or control explants were given the choice between two different substrates. These substrates were membrane fragments derived from hippocampus or various control tissue homogenates and were offered in the form of alternating stripes on a Nuclepore filter. When axons growing on the striped surface encounter the border between the stripes, they are simultaneously exposed to the two different types of membrane fragments.
The membrane carpets were placed on sterile, porous (0.4 m) membranes (Millicell-CM; Millipore, Germany) and transferred into tissue culture dishes with 1.5 ml culture medium. Explants were added to the dish and gently pushed onto the membrane carpet using forceps. Cultures were maintained in a 5.5% CO 2 , humidified incubator up to 5 days.
Treatment of membrane preparations. Phosphatidylinositolspecific phospholipase C: Membranes were prepared as described above, except that the membrane suspensions were adjusted to an optical density of 0.5 (measured at 220 nm) in Tris buffer containing 1.5 mM CaCl 2 and protease inhibitors. This membrane suspension was divided into three aliquots: two aliquots were incubated at 37°C, one with PI-PLC (1 U/ml; ICN Biochemicals) and one without enzyme (37°C control); the third aliquot was washed and resuspended in the same buffer solution, but with a physiological pH at 4°C, and then left on ice (4°C control). After 1 h, all three membrane suspensions were washed thoroughly in cold PBS containing protease inhibitors and then resuspended in the same PBS solution. To control for PI-PLC treatment, we used membranes obtained from NIH 3T3 cells transfected with the repulsive guidance molecules ephrin-A3 and ephrin-A5 (gift from Dr. R. Zhou, Rutgers University). After PI-PLC treatment, the repulsive effect of these molecules on hippocampal neurites could be completely abolished in accordance with Zhang et al. (1996) . Heat inactivation: Membrane extracts were heated to 63°C for 8 min as described by Walter et al. (1987) .
Analysis of axonal outgrowth preference. Neurites and cells were visualized with a fluorescent vital dye, 5,6-carboxyfluorescein diacetate, succinimidyl ester (Molecular Probes), which labels all living cells and their processes, or by immunolabeling with a neurofilament or MAP-1 antibody (Boehringer). The first technique allows us to determine whether neurites grow directly on the membrane carpet or on cells that emigrated from the explants. A 6.15 mg/ml stock solution of dye was diluted 1:300 in PBS. Culture medium was removed from the dishes 5 days after the explants were placed on the carpets and 1-2 ml of the dye solution was added for 2 min. To inhibit photobleaching, the solution was then replaced with a solution of 5 mM p-phenylenediamine (Kodak) in PBS. Neurite growth from the explant was examined and photographed with FITC optics on an epifluorescence microscope. Growth preferences for one or the other set of membrane stripes were assessed semiquantitatively using the criteria established by Bä hr and Wizenmann (1996) . The analysis of axonal choice behavior was performed as a double-blind experiment by three independent observers. Each observer scored the axon density on the different membrane stripes prepared in each experiment. In general it was impossible to count individual entorhinal and control axons because of the variability in axon fasciculation and the massive outgrowth in some experiments. The growth preferences of the neurites were evaluated using a three-class rating system: clear-cut preference (A), most of the fibers growing on one of the membrane lanes; slight or moderate preference (B), fibers growing preferentially on one membrane lane, while others cross randomly; and no choice or random outgrowth (C). Rating classes A and B were scored 1 and rating class C was scored 0. The scores from each experimental condition were totaled, data from individual experiments pooled, and 2 tests performed with an interrater reliability Ͼ90%, which did not vary significantly in the different experiments performed. The data are given as percentage of maximal choice (100% means that all explants under one experimental condition show a clear choice for one of the two membranes compared).
Immunolabeling of membrane carpets. Uniform carpets of P0 hippocampus were prepared using membranes at an optical density of 0.4 at 220 nm. Carpets were immediately fixed with 4% paraformaldehyde for 2 h and washed thoroughly with PBS 3 ϫ 5 min. Carpets were incubated with for 3 h at room temperature. The carpets were incubated in phosphate buffer, 0.1 M, pH 7.4 (PB), containing 3-5% goat serum (PB-goat) for 20 min. The primary antibodies were all diluted in PB-goat and applied to the carpets for 2 h at room temperature. Incubation with primary antibodies was followed by incubation in biotinylated anti-mouse/goat IgG (Vector Laboratories), diluted 1:250 in 0.1 M PB, for 2 h at 20°C and subsequent incubation in avidin-biotin peroxidase complex reagent (Vectastain ABC Kit; Vector Laboratories), diluted 1:100 in 0.1 M PB, for 1.5 h at 20°C. The immunoreaction was visualized with 3,3Ј-diaminobenzidine as a chromogen (0.07% DAB and 0.002% hydrogen peroxide in 0.1 M PB) for 10 min. Between each incubation step the sections were carefully rinsed in 0.1 M PB (five times, 10 min each). Membrane carpets were photographed and printed using identical settings and conditions to reproduce relative levels of staining intensity.
RESULTS
Our aim was to investigate potential guidance activities for developing EC axons within cell membrane preparations from hippocampal and control tissue and from hippocampal membranes obtained from rats of different ages. We did so by investigating the outgrowth of rat entorhinal axons on membranes from embryonic (from E15 on), postnatal, and adult rat hippocampus and of postnatal rat control membranes (cerebellum, bulbus olfactorius). Further outgrowth of rat entorhinal explants was analyzed on membrane lanes from different parts of the hippocampus of adult pig. Also we tested if the choice behavior of the entorhinal explants is dependent on their state of maturation. Growth preferences for one or the other set of membrane stripes were quantified using the criteria established by Bä hr and Wizenmann (1996) . The categories of axon choice are provided in Fig. 1II , in which examples of each category are shown.
Entorhinal Axons Prefer Hippocampal over Control Membranes
When late embryonic or postnatal entorhinal explants (E20 -Pl) were cultured on alternating membrane stripes from neonatal (P0) hippocampal and various control membranes derived from the cerebellum or bulbus olfactorius, we found that the entorhinal axons preferred to grow on hippocampal membranes (Fig. 2) . In some experiments we observed a preference for the first set of lanes independent of the properties of the membranes applied. To control for this artifact, the order in which the membranes were applied was reversed in each experiment. Axons from EC explants preferred to extend on hippocampal membranes, independent of whether they were laid down in the first or second set of lanes ( Figs. 2A  and 2E ). In general, outgrowth of entorhinal axons on unique stripes of hippocampus and control membranes (stripes offered alone and not in alternating stripes) occurred at a similar density, indicating that the control membranes provided a good growth substrate in the absence of a more attractive alternative.
As an additional control for the specificity of entorhinal axon preference for hippocampal membranes the behavior of neurites from brain regions which do not project to the hippocampus in vivo was analyzed. Neurites from such control explants (e.g., motor cortex) did not show any preference for hippocampal membranes in this experiment (Figs. 2B and 2F) .
When entorhinal neurites were offered a simultaneous choice between adult hippocampal and adult cerebellum membranes as a control substrate, both physically separated from myelin, axons showed a clear preference for the hippocampal membranes (Fig. 3B ). This result shows that the tissue-specific outgrowth preferences are maintained in membrane preparations from adult brain tissue.
An immunohistochemical analysis of the membrane preparations used in the stripe assay showed intense immunolabeling for L1 and N-CAM, while membranes were immunonegative for ECM molecules such as chondroitin sulfate, tenascin, and laminin (Fig. 4) . In accordance with Tuttle et al. (1995) these results indicate that growth preferences of neurons on the membrane carpets were influenced mainly by membrane-anchored and not by ECM molecules.
Entorhinal Axons Prefer Neonatal over Early Embryonic Hippocampal Membranes
To test outgrowth preferences of EC axons over the time spanning the development of the entorhinohippocampal connection in vivo, explants of the EC taken from P0 rats were presented with alternating stripes of embryonic (from E15 to E20) and neonatal (P0 or P1) hippocampal membranes.
Extending axons from EC explants given the choice between alternating membrane lanes from P0 and E15-E18 hippocampus displayed a slight to clear-cut preference for P0 membranes (Figs. 5A and 5E ). The preferences of extending EC axons for P0 hippocampal membranes were detectable until E18 (Fig. 5E) . It has been shown that until E18 just a minor part of the entorhinal axons reaches the hippocampus and invades the dentate gyrus in vivo (Super and Soriano, 1994) . Our in vitro findings demonstrate that EC axons prefer hippocampal membranes obtained from a time point at which most of the entorhinal fibers reach their target and further indicate that entorhinal neurites respond to maturation-dependent changes in molecules associated with hippocampal membranes. Neurites from motor cortex and cerebellum exhibited no similar preference (data not shown).
Choice of Entorhinal Axons for P0 Membranes Disappears between E19 and P10 and Reoccurs in the Combination of Hippocampal Membranes from P0 and P15
In the stripe assay we tested the growth preference of EC explants on membrane preparations from E19, P5, P10, P15, P30, and adult (PϾ60) hippocampus. When offered alternating lanes from E19 or P5 versus P0 hippocampal membranes they did not show any preference and crossed membrane borders freely (Figs. 5B and 5E). Even in the choice situation P0 versus P10, extending EC axons showed a random growth pattern (Figs. 5C and 5E). A weak preference for P0 hippocampal membranes again emerged in the combination P0 versus P15 (Fig. 5E ). In the combination P0 versus P30, extending axons showed a clear preference for P0 hippocampal membranes (Fig. 5E) . In all cases of the combination P0 versus adult (A) and vice versa, extending EC axons showed slight to clear preference for P0 hippocampal membranes (Figs. 5D and 5E ). These results reflect the maturationdependent choice behavior of extending EC neurites.
When EC explants were offered heat-inactivated P0 hippocampal membranes and adult hippocampal membranes, EC axons showed no growth preference and grew equally well on both sets of lanes (Figs. 6A and 6C ). In particular it could not be observed that entorhinal axons avoided adult hippocampal membranes. These data suggest that the growth preference for P0 hippocampal membranes is mediated by an attractive and outgrowth-promoting effect of postnatal hippocampal membranes and not by a repulsive effect of adult hippocampal membranes.
Further on postnatal hippocampal membranes were treated with PI-PLC in order to remove GPI-linked molecules like N-CAM, F3, and TAG-1 (Sonderegger and Rathjen, 1992) and GPI-linked ephrins (Lemke, 1997) . Even after enzymatic digestion the choice behavior of EC axons was unaffected and further EC axons preferred to grow on postnatal rather then adult hippocampal membranes (Figs. 6B and 6C).
In a next step we tested the hypothesis that the choice behavior of entorhinal axons might be dependent on their state of maturation. We found no difference between entorhinal explants obtained from E16 (first time point to anatomically dissect EC) to E19, E21, and P0. The axons growing out from these entorhinal explants behaved similarly and preferred postnatal hippocampal membranes when offered the choice between P0 and E16 or adult hippocampal membranes (Fig. 6F) . In contrast explants dissected from the posterior cortex obtained from E14 did not show this choice behavior (Figs. 6D and 6E ). This result demonstrates the emergence of a preference for P0 hippocampal membranes from the time the entorhinal cortex is established in vivo.
Entorhinal Axons Prefer Membranes from the Molecular Layers of the Dentate Gyrus over Hilus and CA3 Membranes
In order to enrich hippocampal membranes from topographically restricted areas we microdissected the hilus, the CA3 field, and the molecular layers of the dentate gyrus. For this set of experiments we used hippocampal regions from frontal slices of adult pig brain, since the amount of membrane material that could be achieved from rat brains was not sufficient for a stripe assay. It has been shown in other systems that membranes enriched from neuronal tissues of different species produced comparable results (Wizenmann et al., 1993) . When pig cell membranes of the molecular layers of the dentate gyrus and the hilus or CA3 area were arranged in alternating stripes, and explants of rat EC placed on the stripe carpet, outgrowing EC axons showed a selective growth preference for the molecular layer membranes (Figs. 7A, 7B, and 7F ). This finding cannot be explained simply by the assumption that hilus or CA3 membranes are nonpermissive for entorhinal neurites. Outgrowth of entorhinal neurites on uniform stripes of molecular layers of the dentate gyrus and hilus or CA3 area (stripes offered alone and not in alternating stripes) occurred at similar densities. Only when entorhinal neurites were offered the simultaneous choice between membranes obtained from molecular layers of the dentate gyrus and hilus or CA3 membranes did they prefer to grow on molecular membranes and not on hilus and CA3 membranes. This preference was independent of the order of the membrane preparations applied on the filter and thus is not due to differences in protein content of the lanes. An example of a stripe assay in which the sequence of membrane application had been reversed is shown in Fig. 7B . We observed an intermediate to strong tendency of choice for membranes obtained from the molecular layer. When membranes from the molecular layers were subjected to heat inactivation, entorhinal axons crossed the stripe borders freely, showing no preference (Figs. 7D and 7F ) In contrast, experiments with heat inactivation of membrane preparations of CA3 or hilus did not change the outgrowth preference for membranes of the molecular layers (Figs. 7C and 7F ). This finding indicates that preferential growth of entorhinal axons is due to a heat-sensitive attractive factor in the molecular layer substrate. Outgrowth preferences for the molecular layers of the hippocampus also remained unaltered when cell membranes were treated with PI-PLC (Figs. 7E and 7F).
DISCUSSION
The experiments presented were designed to determine whether directed growth of entorhinal axons is dependent on target-and maturation-specific membrane-associated molecules that direct the pathfinding of the entorhinohippocampal fiber tract during development.
The first step was to analyze outgrowth preferences of entorhinal neurites on membrane carpets obtained from the hippocampus and compare these to membranes from brain regions which do not receive afferent connections from the EC. On a membrane substrate consisting of alternating lanes of hippocampal and control membranes, entorhinal neurites displayed a strong tendency to grow on lanes of hippocampal membranes. This result indicates that postnatal hippocampal membranes possess guidance cues for EC axons which are not present in other brain regions. It has been shown that myelination of the perforant pathway occurs at around P10 in the rat (Li et al., 1994) , shortly before the time point (P15) at which we found a choice for membranes of postnatal compared to adult stages. We were able to show that these tissue-specific outgrowth preferences were maintained in membrane preparations from adult brain tissue devoid of myelin and were not caused by the repellent properties of myelin-associated growth inhibitors. Further we tested the outgrowth of entorhinal explants on hippocampal membranes of different developmental stages to analyze the impact of maturation on this process. Entorhinal neurites preferred neonatal to embryonic hippocampal membranes, but crossed the stripe borders freely and showed no preference for any of the membranes on the stripes between E19 and P10. These findings suggest that embryonic hippocampal membranes-obtained from a developmental stage at which entorhinal neurites have not yet entered the hippocampus-are a poor choice substrate for outgrowing entorhinal axons in comparison to postnatal membranes. The outgrowth preferences observed correlate with the ingrowth of the perforant path into the hippocampus between E19 and P10 and with the stabilization of this brain area in vivo after P10 (Super and Soriano, 1994) . Our observations allow us to suggest that the ingrowth of EC axons is regulated by temporally and spatially expressed guidance cues, which seem to be membrane associated (Woodhams et al., 1993; Fö rster et al., 1998) . Further we suggest that even in adult hippocampus membraneassociated molecules which lead EC axons to discriminate between target and nontarget regions are expressed. Fö rster et al. (1998) provided additional evidence for laminaspecific attractive properties of the molecular layers of the dentate gyrus also present in the adult hippocampus. Our experiments lend weight to the hypothesis that the guid -FIG. 4 . Postnatal hippocampal membrane carpets are deficient (Ϫ) in extracellular matrix molecules (tenascin, chondroitin sulfate, laminin) and abundant (ϩ) in membrane-anchored molecules (L1, N-CAM). P0 hippocampal membrane carpets were immunostained with the antibodies described under Materials and Methods. Control membranes were stained with secondary antibody.
FIG. 3. (A)
Entorhinal neurites preferentially grow on postnatal hippocampal membranes (stripes marked with H) in comparison to cerebellar membrane lanes (stripes marked with C). (B) When EC explants (n ϭ 18) were given the choice between adult hippocampal membranes devoid of myelin (stripes marked with H*) and adult cerebellum membranes devoid of myelin (stripes marked with C*) EC axons from 17 explants still preferred to extend on hippocampal membranes. (C, D) To compare the general outgrowth-promoting properties of membranes from hippocampus and cerebellum single stripes consisting of either hippocampal or control membranes, both without myelin, were prepared, separated by an interspace which did not contain membrane substrate. Entorhinal neurites showed similar growth patterns on both substrates, growing equally well on hippocampal and cerebellar membrane lanes. (E, F) Neurites from the motor cortex did not show any choice preference under the same conditions as shown in (B) and crossed stripe borders freely (F: reversed order of membrane lanes). Neurites were immunostained with an anti-neurofilament antibody. Scale bar, 95 m. 
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ance molecules which direct entorhinal neurites are not present in hippocampal membrane preparation during the time frame before the fiber tract enters the hippocampus (E15, E16) but are expressed in the hippocampus from the time point of ingrowth to adulthood. It should be noted that due to the results presented here, specific attractant factors must be postulated, but none of these has been characterized so far. Wizenmann et al. (1993) have shown that guidance factors are masked or not expressed in the retinotectal system during adulthood, but are reexpressed in the tectum after deafferentation of the optic nerve. Their observation suggests that guidance cues may be downregulated after the retinotectal projection has been formed or that guidance activities are merely masked by factors expressed after projections have been established. Our data using myelin-depleted adult hippocampal membranes led to the assumption that specific guidance cues are maintained in the molecular layers during adulthood. This is in accordance with the observation that the axonal reorganization in the hippocampus following entorhinal lesion is layer-specific .
We then presented data documenting that entorhinal neurites discriminate membrane-associated guidance cues from their target fields, preferring to grow on membranes from the molecular layer of the dentate gyrus rather than hilar membranes from adult brain (6-month-old pig). This observation is in line with the embryo-to-adult transplantation experiments of Zhou et al. (1989) , in which it was shown that neither temporal nor spatial aspects of cell-tocell confrontation which occur in normal development are necessary for the formation of specific laminar patterns of reinnervation in the entorhinal-hippocampal system during adulthood. Also Li et al. (1993) have shown that the necessary molecular and tissue organizational signals for the formation of an entorhinal-dentate projection are present in tissues maintained in organotypic slice coculture of EC and hippocampus and remain effective in the crossspecies mouse-to-rat situation. Li et al. (1994) further demonstrated that severed fiber projections between the EC and the hippocampal complex in horizontal slices of postnatal tissue can regenerate in both directions and reestablish their correct laminar, pathway, and target specificity. Frotscher and Heimrich (1993) also used organotypic coculture techniques to provide evidence that entorhinal and hippocampal fibers have a preference for their normal termination sites. It was shown that this layer specificity does not result from the sequential ingrowth of these fiber systems during development (Frotscher and Heimrich, 1993) . These authors propose that the formation of layerspecific projections is determined by molecular factors specific for hippocampal laminae. Woodhams et al. (1992) described antibodies specific for distinct surface molecules present in the inner and outer molecular layers of the dentate gyrus, which are not present on CA fibers. But none of these studies provided information about the mechanisms entorhinal axons use to select their original pathways and target fields.
Our experiments strengthen the hypothesis that maturation-dependent and target-specific membraneassociated molecules play an essential role in the control of the EC axon outgrowth. Factors determining the development and stabilization of this specific connection are almost unknown, although a variety of secreted and membrane-associated molecules that influence long-and short-range interactions have been identified in the formation of axonal pathways. Several mechanisms have been proposed to be involved in guiding neurites to their target in the developing nervous system. It has been shown that neurites are guided by diffusible molecules (Pü schel, 1996; Pü schel et al., 1996; Chedotal et al., 1998; Steup et al., 1999) as well as by membrane-associated substrates (Drescher et al., 1995) . Del-Rio et al. (1997) provided evidence for a role for Cajal-Retzius cells and reelin, an extracellular matrix protein expressed by Cajal-Retzius cells, in the formation of layer-specific hippocampal connections. According to this hypothesis transient cells in the developing hippocampus provide positional information for the targeting of entorhinal and commissural fibers. The data of Zhou et al. (1989) and our experiments indicate that guidance molecules for EC neurites might still be present in the hippocampus after stabilization of the system, although these factors might be different or represent only a subset of those during development.
The mechanisms that direct entorhinal axons toward their appropriate target areas might include diffusible chemoattractive and chemorepulsive or contact-attractive and contact-repulsive factors. For axon guidance important roles have been postulated for a number of diffusible and
FIG. 7.
Rat entorhinal neurites showed a strong preference for membranes from the molecular layer (ML) of the hippocampus, when given a choice between these and hilar (HL) membranes both obtained from adult pig (A, B). Entorhinal neurite preferences were independent of the order of application as indicated in (B) in which membrane lane order is reversed. (C) When hilar membranes were heat inactivated, preferential growth of entorhinal axons on the molecular layer substrate remained unchanged. (D) When membranes from the molecular layers were subjected to heat inactivation, entorhinal axons crossed the stripe borders freely, showing neither attraction nor repulsion of hilar membranes. (E) Outgrowth preferences for the molecular layers of the hippocampus remained unaltered when cell membranes were treated with PI-PLC (only treatment of ML membranes shown). *ML. (F) Degree of entorhinal axon choice for membranes from molecular layers of adult pig hippocampus. Diagram describes statistically analyzed data shown in A and B ( 2 test: *P Ͻ 0.001; **P Ͻ 0.05; ns, nonsignificant). h, heat inactivated; PI-PLC, phosphatidylinositol-specific phospholipase C treatment. Scale bars A, B ϭ 180 m; C-E ϭ 90 m. membrane-associated attractive or repulsive axon guidance molecules, including Ig CAMs, cadherins, ECMs, netrins, semaphorins, and Eph tyrosine kinase receptors and ligands (for review see Tessier-Lavigne and Goodman, 1996) . Immunohistochemical analysis and in situ hybridization of the developing and stabilizing hippocampus has shown that several ECMs, cell adhesion molecules such as L1 (Persohn and Schachner, 1990) , TAG-1 (Yoshirata et al., 1995) , N-CAMs (Miller et al., 1993; Yoshihara et al., 1995) , members of the semaphorin family (Skaloria et al., 1998) , several Eph receptors, and ephrins (for review see Zhou, 1998 ) are all present in distinct hippocampal regions. Our immunocharacterization of the membrane preparations used in the stripe assay (Fig. 4) showed that growth preferences of neurons on the membrane carpets are influenced mainly by membrane-anchored and not by ECM molecules. This means that primarily membrane-anchored molecules have an impact on the choice behavior of entorhinal neurites in our experiments and excludes molecules such as tenascin, chondroitin sulfate, laminin, or secreted semaphorins. The neuronal axon adhesion molecule L1 and N-CAMs both show increased mRNA and protein expression during entorhinal ingrowth into the hippocampus (Liljelund et al., 1994; Persohn and Schachner, 1990) . Our data obtained from experiments using membrane preparations which had undergone PI-PLC treatment suggest that GPI-linked guidance molecules such as the ephrin-A3, ephrin-A5, or PI-PLC-linked N-CAMs are not responsible for the choice behavior of entorhinal axons in the stripe assay both from developmental stages and from adulthood. Instead non-GPIanchored members of the semaphorins (Pü schel, 1996) , ephrin-B ligands (Zhou et al., 1998) , members of the immunoglobulin superfamily, or the cadherins (Inoue and Sanes, 1997) could contribute to entorhinal axon guidance.
Heat-inactivation of membranes has been used as a tool to discriminate attractive from repulsive guidance cues in the retinotectal (Wizenmann et al., 1993) and thalamocortical systems (Tuttle et al., 1995) . Our heat-inactivation experiments indicate that entorhinal axon guidance is not controlled mainly by avoiding embryonic and adult hippocampal nor hilus and CA3 membranes but is promoted by attractive molecules present in membrane preparations from the postnatal rat hippocampus or the molecular layers of the adult pig hippocampus.
In conclusion we argue that the membrane-associated guidance molecules which direct entorhinal neurites are not present in hippocampal membrane preparations before the fiber tract has entered the hippocampus (E15, E16), but are detectable in the stripe assay in hippocampal membranes from the time of entorhinal ingrowth to adulthood. We demonstrated that hippocampal guidance cues can be topographically restricted to membrane preparations of the molecular layers of the dentate gyrus. Because the method used is focused on membrane-related axonal guidance, we cannot exclude a role of chemorepulsion-evoking molecules like secreted semaphorins or netrins and also not chemoattraction-mediating secreted molecules like netrins in entorhinohippocampal pathfinding. Since contact attraction was observed to be the major guidance mechanism in the stripe assays performed here, we can exclude that contact-repulsion molecules like ephrins and ECM molecules like tenascins play the main role for guiding entorhinal axons in this stripe assay model. Further studies will be required to characterize the membrane-associated molecules responsible for entorhinal pathfinding.
